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Noninvasivetechniquessuchasfunctionalmagneticresonanceimaging(fMRI)andtranscranialmagneticstimulation(TMS)have
provided insight into understanding how neural connections are altered in consequence to cerebrovascular injury. The ﬁrst part of
this review will brieﬂy survey some of the methodological issues and limitations related to noninvasive poststroke motor recovery
studies. The second section will investigate some of the diﬀerent neural mechanisms that underlie neurorehabilitation in stroke
patients. The third part will explore our current understanding of motor memory processing, describe the neural structures that
subserve motor memory consolidation, and discuss the current literature related to memory reconsolidation in healthy adults.
Lastly, this paper will suggest the potential therapeutic applications of integrating noninvasive tools with memory consolidation
and reconsolidation theories to enhance motor recovery. The overall objective of this work is to demonstrate how noninvasive
technologies have been utilized in the multidisciplinary ﬁeld of clinical behavioral neuroscience and to highlight their potential to
be employed as clinical tools to promote individualized motor recovery in stroke patients.
Copyright © 2008 D. M. Bernad and J. Doyon. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
1. INTRODUCTION AND OUTLINE
Stroke is a debilitating disorder that has the potential to
cause substantial sensory, motor, and cognitive impairment.
R o u g h l yh a l fo fa l ls t r o k ev i c t i m sw i l lh a v es o m ed e g r e eo f
residual motor impairment [1], becoming partially depen-
dent for performing activities of daily living [2]. Acute stroke
onset, usually deﬁned as the ﬁrst six to twelve hours follow-
ing the interruption of blood supply to neurons, results in a
core of dead neurons surrounded by a penumbra where neu-
ral tissue remains dysfunctional. If blood ﬂow is not rein-
stated, the neurons within the penumbra will die and clinical
d e ﬁ c i t sw i l lt e n dt os t a b i l i z e .R e s e a r c he ﬀorts have focused
on understanding the mechanisms that subserve plasticity or
functional modiﬁcations in consequence to neuronal dam-
age. Modiﬁcations in neural connections and networks are
believed to result from cellular or synaptic changes in neu-
ronal functioning following injury. To this extent, a frame-
work describing neurorehabilitation can be conceptualized
from a cellular, systems, and behavioral perspective [3]. For
example, changes that occur at a cellular level can initiate
diﬀerent molecular mechanisms such as engaging remyeli-
nation. Adaptation that arises at a systems level can involve
the recruitment of new neural regions, which can activate
the same ﬁnal output pathway. In addition, behavioral level
changes can result from enhanced motivation or altered cog-
nitivestrategiestoregainfunctionbycompletingaparticular
motor task [3]. Diagnostic tools that can detect early stroke
onset is crucial for neuronal survival and provides clinicians
and rehabilitation specialists with a wider range of treatment
options, which ultimately is more eﬀective in helping pa-
tients recover motor function.
Recent advances in noninvasive imaging techniques have
enabled physicians to diagnose stroke at an earlier point
in time and have provided greater comprehension of the
changes in neural activity that transpire after stroke [3]. In
particular, the application of functional magnetic imaging
(fMRI) and transcranial magnetic stimulation (TMS) has
provided a better understanding of the neural substrates that
subserve recovery. The ﬁrst part of this review article will
brieﬂy survey some of the methodological issues and lim-
itations related to noninvasive poststroke motor recovery2 International Journal of Biomedical Imaging
studies. The second section will investigate some of the dif-
ferent mechanisms that underlie neurorehabilitation in re-
covering stroke patients. The third part will explore our cur-
rent understanding of procedural memory processing and
explore some of the neural regions that subserve motor
memory consolidation and recent studies on reconsolida-
tion in human subjects. Lastly, this article will explore some
of the potential applications of integrating noninvasive tools
with memory consolidation and reconsolidation theories to
promote motor recovery. The overall objective of this work
is to provide a better understanding of the compensatory
mechanisms that are involved in poststroke motor recovery
and neural regions engaged in motor memory formation in
healthy adults, to demonstrate how noninvasive technologies
havebeenutilizedinthemultidisciplinaryﬁeldofclinicalbe-
havioral neuroscience, and to highlight their potential to be
employed as clinical tools to promote individualized motor
recovery in stroke patients.
2. PATIENT-RELATED LIMITATIONS ASSOCIATED
WITH IMAGING TECHNIQUES
Therearemanyimportantpatient-relatedlimitationstocon-
sider when using MRI. For example, in addition to general
MRI contraindications (e. g., pacemaker, metallic implants,
etc.),acutestroke(i.e.,strokeonsetwithin24hours)patients
are more easily agitated, are medically unstable in conse-
quence to underlying haemodynamic issues, are more likely
to have a diminished level of consciousness associated with
vomiting (i.e., increased risk of aspiration), and usually have
other coexisting medical problems [4, 5]. In consequence to
these issues and in order to investigate the neural mecha-
nisms that drive recovery over and above the spontaneous
time-dependent process, most fMRI studies are performed
on the chronic (i.e., at least three months after stroke on-
set) stroke patient population and thus generalization may
be limited to this cohort.
Another important patient-related methodological issue
to consider is that fMRI studies may be confounded be-
cause when patients with vascular lesions are compared with
normal controls, the blood oxygenation-level-dependent
(BOLD) signal may reﬂect the underlying diseased hemody-
namics and not diﬀerences in cortical activation. For exam-
ple,theBOLDsignalcapturedinrecoveringstrokepatientsis
typically delayed and lower in amplitude, which could reﬂect
disruptionsinneurovascularcouplingduetodiﬀusevascular
disease [6].
3. fMRI METHODOLOGICAL ISSUES
Despite such limitations related to the patient population,
fMRI oﬀers excellent spatial (i.e., few millimeters) and tem-
poral (i.e., few seconds) resolution [7–9]. In addition, early
poststroke motor recovery fMRI studies have been designed
ascross-sectionalexperimentsthatcomparedneuralchanges
in fully recovered stroke patients and normal controls at a
single point in time [7–9]. Such experiments have been lim-
ited because they do not show changes in neural activity
throughout the duration of the recovery process. Recently,
longitudinal studies have been designed to investigate neural
activity in patients recovering from stroke over an extended
period of time [7–9]. Such studies have allowed investigators
to correlate changes in neural activation with speciﬁc motor
gains during the recovery process.
Most studies have used a block design, whereby data is
acquired in correlation to a distinct cognitive state (i.e., dur-
ing a behavioral task) and then compared to a control pe-
riod [7]. However, recent experiments have employed event-
relateddesign,wherebydataisacquiredduringtherepetition
of discrete stimuli or responses (i.e., ﬁnger tapping task). In
comparison to block design, the event-related paradigm has
a longer acquisition time, but has certain advantages such as
providing the option of using either periodic or randomized
stimuli. Both block- and event-related designs enable con-
tinuous data collection usually with a repeat time of 2–5 sec-
onds [7]. Such parameters must be taken into consideration
in order to optimize data acquisition and derive meaningful
results.
4. TMS METHODOLOGICAL ISSUES
TMS uses a strong but transient magnetic ﬁeld that in-
duces an electric current in the underlying cortical tissue
[10, 12, 13]. Repetitive TMS involves repeated stimuli at in-
t e r v a l so f1 – 5 0H zf o rp e r i o d st h a tr a n g ef r o m1 – 3 0m i n u t e s
[10, 12, 13]. Regular stimulation at low frequencies (up to
1Hz)caninhibit corticalactivation,whereashigherfrequen-
ciescanstimulatecorticalactivity.TMShasbeenusedtomap
functionalcorticalregionsandinhibitorstimulateneuralac-
tivity [10, 12, 13]. TMS is an excellent noninvasive instru-
ment because it is of low cost, multifunctional, and relatively
safe to the patient [10, 12, 13].
5. NEURAL SUBSTRATES THAT UNDERLIE
COMPENSATORY MECHANISMS
Throughtheimplementationofnoninvasivetechniquessuch
as fMRI, investigators have been able to explore the neural
regions that subserve compensatory mechanisms in recov-
ering stroke patients. One important observation is that the
integrity of the corticospinal tract, the main pathway from
the cortical motor regions through the spinal cord to the
muscles, correlates with functional motor recovery [14]. For
example, Heald et al. [15] conducted a longitudinal study
to evaluate the neurophysiological measurements of central
motor conduction time (CMCT) immediately after stroke
onset. They showed that normal or delayed CMCT corre-
lated with a higher probability of survival and motor re-
covery. In addition, they found that patients with the poor-
est functional recovery at twelve months and greatest prob-
ability of stroke-related death responded least to intial cor-
tical stimulation. In corroboration, Fujii and Nakada [16]
demonstrated that the integrity of the ipsilesional sensori-
motor cortex and corticospinal tract play an important role
in motor recovery. They conducted an fMRI study in which
they demonstrated that the rate of motor recovery, but not
the absolute level of motor function, correlated with pat-
ternsofactivationthatwereobservedaftersubcorticalstroke.D. M. Bernad and J. Doyon 3
Patients that recovered quickly, deﬁned as within one month
poststroke, showed similar patterns of activation in com-
parison to controls. However, patients that recovered more
slowly, deﬁned as within the end of the third month post-
stroke, showed greater activation in contralesional sensori-
motorandsupplementarymotorareas.Thesestudiessuggest
that patients with suﬃcient ipsilesional sensorimotor cortex
and corticospinal tract integrity regain motor function more
rapidly in comparison to patients with signifcant lesions.
There is also evidence that secondary cortical motor net-
works may play an important role in motor recovery. It has
been suggested that motor function may be facilitated by
projections from secondary motor regions and neural ﬁbers
originating in the primary motor region (M1), premotor
cortex (PM), and supplementary motor area (SMA), which
constitute parallel-independent motor networks with sepa-
rate projections to spinal cord motor neurons and cortical
regions [8, 17]. This implies that parallel motor networks
could compensate for one another in consequence to neural
damage [8]. In addition, Johansen-Berg et al. [20]i l l u s t r a t e d
through constraint-induced movement therapy (CIMT) that
improvement in hand function correlated with increased
fMRI activity in the ipsilesional premotor and somatosen-
sory cortex; and Miyai et al. [21] reported increased ipsile-
sional premotor cortical (PM) activity in correlation with
therapy-induced improvement in gait function.
Although such work does not directly prove that sec-
ondary motor regions subserve motor recovery, the applica-
tion of TMS has been used to address this hypothesis more
directly. Fridman et al. [22] applied TMS to four chronic
strokepatientswithfocalsubcorticallesionsandshowedthat
inhibition of the ipsilesional dorsal PM resultedin delays in a
simple reaction time task, whereas TMS targeted to the con-
tralesional dorsal PM of patients or in normal controls did
not. In addition, Johansen-Berg et al. [23] showed that tran-
sient interference of the dorsal PM with TMS was more dis-
ruptive in patients with greater injury. In corroboration of
both studies, Ward et al. [24] demonstrated that impaired
functional integrity of the corticospinal system is associated
with recruitment of bilateral secondary motor networks. To-
gether, such work suggests that both secondary motor re-
gions may also represent a compensatory pathway in motor
recovery.
It is well established that the ipsilesional primary mo-
tor cortex plays an important role in motor recovery. The
evidence surrounding the role of contralesional motor cor-
tex remains controversial; however Chen et al. [25]d e m o n -
strated that temporarily inhibiting the contralesional M1 re-
sults in errors in both complex and simple motor tasks, sug-
gesting that this region may play a role in planning and or-
ganizing motor movements [20]. In contrast, Johansen-Berg
et al. [20] showed that disruption of the contralesional M1
using TMS does not impair performance in simple motor
task, hence raising questions whether it subserves recovery
after stroke. They also found that patients with moderate or
pooroutcomeactivateunaﬀectedcontralesionalcorticalmo-
tor regions more than those who recovered better. Further-
more, Murase et al. [26] has proposed that contralesional
M1 may impair recovering motor function in patients with
small subcortical stroke through interhemispheric inhibitory
projections on ipsilesional M1 during attempted voluntary
movement of the aﬀected hand. More work is still needed,
however, to better understand the role of the contralesional
M1 in motor recovery.
Longitudinal studies have been designed to investigate
the dynamic changes in neural regions in correlation to mo-
tor recovery. Calautti et al. [27] found that patients had
greater bilateral activation in the sensorimotor region dur-
ing paretic hand movement early after stroke onset in com-
parison to normal controls, but this pattern normalized in
associationwithregainedmotorfunction(∼ 8monthspost-
stroke). In addition, Feydy et al. [28] demonstrated patterns
of activation correlated with location of stroke-induced le-
sions. They showed that after initial recruitment of bilateral
areas, activation gradually shifted towards the ipsilesional
sensorimotor cortex. Ward et al. [29] showed that patterns
of activation increased in the sensorimotor area in stroke pa-
tientsduringparetichandmovementearlyafterstrokeonset,
but this trend decreased toward a normal pattern in corre-
lation with motor recovery. In addition, Zemke et al. [30]
used fMRI to study recovering subcortical stroke patients
whiletheyperformedahand-griptaskoversixmonths.They
found an initial overactivation within the primary and sec-
ondary motor regions, and characterized a focusing of task-
related brain activation towards a more “normal” lateralized
pattern. Taken together, these studies suggest that normal-
ization of activation in the sensorimotor network, following
early increased activation, also correlates with better motor
recovery after stroke.
Other quantitative indices have demonstrated changes
in neural activity in correlation to motor recovery. For ex-
ample, Cramer et al. [31] showed that recovered stroke pa-
tients had a signiﬁcantly lower laterality index (LI) = (C−I)/
(C+I), where C = contralesional and I = ipsilesional regions,
in comparison to controls. The LI can range from +1, which
is exclusively ipsilesional, to −1 ,w h i c hi se x c l u s i v e l yc o n -
tralesional.Otherstudieshavealsoshownthatnormalization
in the LI shifts towards the ipsilesional sensorimotor net-
works in correlation with motor recovery after stroke [6, 32].
In addition, Marshall et al. [33] demonstrated the laterality
of activation in primary sensorimotor cortex during paretic
hand movement shifted towards the contralesional hemi-
spherewithintheﬁrstweekofstrokeonsetbutreturnedback
to the ispsilesional hemisphere in correlation to good motor
recovery(∼ threetosixmonthsafterstrokeonset).Jangetal.
[34] showed that motor recovery (5–15 months poststroke)
is correlated with a shift in laterality of primary sensorimo-
tor cortex activation during paretic hand movement from
nearly bilateral to strongly ipsilesional. These studies suggest
that normalization of sensorimotor cortex laterality is again
linked to good recovery of motor function after stroke.
6. NEURAL SUBSTRATES OF MOTOR
MEMORY FORMATION
Neural regions that are re-engaged after injury aﬀord an evo-
lutionarily adaptive process to provide a pathway for con-
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observed in the procedural memory system. For example,
after learning a sequence of ﬁnger movements (i.e., ﬁnger-
to-thumb opposition task), the motor trace is believed to be
processedoﬄine,characterizedbyatleasttwodistinctstages;
an initial (i.e., within a single training session) fast learning
stage measured by signiﬁcant improvements in task perfor-
mance, followed by a slower stage where further gains tran-
spires over several sessions [35–38]. Within 6–8 hours an
initially labile motor trace becomes resistant to interference
fromvariousamnesicagents(i.e.,learninganothermotorse-
quence task) and eventually persists despite periods without
practice. The process by which newly learned motor infor-
mation is transformed from a labile state into a robust mem-
ory trace is referred to as consolidation and is subserved by
speciﬁc neural structures and networks [35–38].
Noninvasive imaging techniques have been used to in-
vestigate the neural regions that participate in motor mem-
ory processing and consolidation. For example, Karni et al.
used fMRI to study the changes in BOLD signals underlying
motor skill learning [38]. They showed that after weeks of
practicing ﬁnger-to-thumb sequences within a brief period
of time, there was a noticeable enhancement of activation of
the M1 region, which persisted for several months, and fur-
ther suggests that motor sequence learning is subserved by a
slowly evolving long-term experience dependent reorganiza-
tionoftheprimarymotorcortex.Inaddition,Shadmehrand
Holcomb used fMRI to study the underlying neuroanatom-
ical correlates of short-term motor skill learning [39]. They
showed that during the earlier stages of motor learning there
isashiftfromprefrontalcorticalregionstothepremotorcor-
tex, posterior parietal, and cerebellar structures. Both stud-
ies highlight that motor memory processing is subserved by
functional reorganization of neural regions.
It has also been proposed that procedural memories can
undergo a higher level memory formation process, referred
to as system consolidation, whereby over longer periods of
time, which can range from days to years pending on mem-
ory system, newly learned information is transferred from
one neural processing region to another location for long-
term storage [40]. For example, Doyon and Ungerleider [41]
proposed that during the fast-learning stage, deﬁned as a no-
ticeable improvement in performance within a single train-
ing session, the corticocerebellar (CC) and corticostriatal
(CS) systems are engaged pending on the motor skill learn-
ingtask.However,whenamotorsequenceoradaptationtask
is well learned, the neural representations are thought to be
distributed in one of two circuits, whereby the CS pathway
supportsthenewmotorsequencetraceandtheCCsubserves
motor adaptation [41, 42]. This theory was recently revised
to incorporate ﬁndings that suggest that cerebral functional
plasticity exists within the striatum and cerebellum in the
later stages of motor sequence learning and motor adapta-
tion, respectively [35]. For example, a 3T fMRI study that
trackedmotorsequencelearningwithinthebasalgangliacir-
cuitry and motor-related structures showed improvements
in task performance correlated with a change in signal from
the associative to sensori-motor regions within the putamen,
which suggests that this switch or transfer of information is
functionally important for a motor memory trace to persist
withtime[43].Understandingtheneuralregionsthatareen-
gaged in motor memory formation may provide further in-
sight into ways to enhance motor recovery in stroke patients.
Although noninvasive imaging techniques have provided
much insight into the neural regions that underlie mem-
ory consolidation, our overall assumption that this process
is permanent has been challenged [44–46, 49]. Misanin et al.
usedelectroconvulsiveshocktreatments(ECST)toshowthat
memory could be disrupted when in transition from a stored
to an active state [45]. The process by which consolidated
memories become labile and require stabilization after reac-
tivation is now referred to as reconsolidation [44]. More re-
cently, Nader et al. showed that the reactivation of a consoli-
dated fear memory requires de novo protein synthesis in or-
der for such information to persist with time [46]. Debiec et
al. further expanded on these ﬁndings by demonstrating that
hippocampal-dependent memories undergo both reconsoli-
dation within thehippocampus, referredto as cellularrecon-
solidation,andatasecondlevelofprocessingtermedsystems
reconsolidation [47].
Whereas most work characterizing the reconsolidation
of reactivated, once well consolidated, memories have been
performed mostly on animals, there are ample publications
showing the reconsolidation eﬀect in human subjects. For
example,Rubinreportedthatalltwenty-eightpsychiatricpa-
tients that received ECST after recall or recurrence of their
psychiatric symptoms dramatically improved, some being
symptom free when interviewed ten years after treatment
[48]. In addition, Walker et al. utilized a motor skill ﬁnger
tapping paradigm to show that overnight improvements in
accuracy were signiﬁcantly lost when a second interference
trace (i.e., from a competing sequence task) was learned im-
mediately after reactivating the ﬁrst motor trace [49]. They
showed that reactivating that trace one day after learning
brought the trace back into a labile state that became sen-
sitive to disruption from the interference trace. Although
they failed to show the eﬀect on their main dependent vari-
able (i.e., the speed at which sequences are executed in a 30-
second period), this study provides the ﬁrst evidence that the
reactivation of a stable and well-consolidated motor mem-
ory brings certain components back again into a labile state.
More recently, Hupbach et al. showed in a group of college
students that providing subjects with a reminder enhanced
recall twenty-four hours after the reactivation of a consoli-
datedlistofitems[50].Thelatterﬁndingsuggeststhatrecon-
solidation may have a constructive eﬀect on episodic mem-
ory processing. Although more work is necessary to further
characterize and identify the boundary conditions associated
with reconsolidation, it may be feasible to apply reconsolida-
tion theory to enhance neurorehabilitation in stroke patients
undergoing physical therapy.
7. FUTURE IMPLICATIONS FOR NOVEL THERAPY
How can our understanding of the neural substrates that
subserve post-stroke compensatory mechanisms and proce-
dural memory formation in healthy adults assist in clinical
therapy? To a certain extent, most neurorehabilitation ther-
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learned tasks in a diﬀerent way [3]. For example, arm abil-
ity training was developed for patients with mild hemipare-
sis and maximizes the retention and generalization of what
is learned during the rehabilitation session through varying
the diﬃculty of repetitive motor tasks [51, 52]. In addition,
another behavioural therapy mentioned previously is CIMT,
which has two components that are administered over two
weeks. For example, the patient overcomes learned nonuse
of the less functional extremity by practicing motor tasks for
six hours per day while simultaneously restraining the use of
the more functional extremity for 90% of the patient’s wak-
ing hours [52].
In both of these training protocols, success relies on
learning novel ways to regain lost motor functions, which
requires learning new procedural movements that are me-
diated by similar neural regions that drive procedural mem-
ory formation. Therefore, it is plausible that manipulation
of these regions may enhance neurorehabilitation. For exam-
ple, it has been proposed that the application of TMS to the
nonaﬀectedhemispherecouldbeemployedtodisruptthein-
terhemispheric inhibition that has previously been described
[52–56].Inaddition,TMScouldalsobeusedtotargettheaf-
fectedhemisphereinordertostimulateregionsthataredam-
aged or enhance the neural substrates that underlie motor
memory formation [52]. Although speculative, it is conceiv-
able that inhibiting the reconsolidation of a nonfunctional
motor memory trace via TMS may help a patient learn how
to use a corresponding unaﬀected limb. Moreover, this may
be facilitated through simultaneously enhancing the under-
lying neural substrates that promote forming functional mo-
tor memory traces via TMS. These procedures could be used
in concert with other neurorehabilitation therapies in order
to reprogram novel motor movements.
Numerous variables such as the neuroanatomical regions
aﬀected, the period of time since injury, and the patients’
previous experiences will all inﬂuence the neural substrates
that are engaged after stroke [3, 8]. Thus, another poten-
tial application of fMRI could be used as a clinical tool
to identify a patient’s speciﬁc type of neurocompensatory
mechanism. This could enable physicians and rehabilitation
specialists to tailor their treatment strategy to more accu-
rately address their patient’s individual needs and require-
ments.
8. CONCLUSION
This review surveyed some of the literature which has exam-
ined the application of fMRI and TMS to study the neural
substrates that underlie compensatory mechanisms in both
stroke recovery and the neural regions that drive procedural
memory formation in healthy adults. Although more work is
necessary to further understand the mechanisms that sub-
serve neural plasticity, the current literature suggests that
speciﬁcneuroanatomicalregionscanbeidentiﬁedwithfMRI
and be stimulated or inhibited with TMS to cause functional
changes in motor output. Such noninvasive tools may one
day be more routinely applied to promote neurorehabilita-
tiontobeneﬁtpatientsrecoveringfrompoststrokemotorim-
pairments.
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